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Background 
 Current coating qualification methods do not 
account for mechanical damage nor representative 
environments 
 A method for evaluating fatigue crack grow rates 
under complex atmospheric corrosion conditions 
could aid in the development of new chromate free 
coatings1 
 The protection chromate provides to fatigue crack 
growth needs to be fully characterized so 
replacement coatings can be properly assessed and 
there is no unexpected loss of corrosion fatigue 




1Undersecretary of Defense, John, J. Young, Jr., (2009) “Limiting the Use of Hexavalent Chromium,” Memorandum for Secretaries of the Military Departments. 
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Objective 
 To address the issue of corrosion damage as it relates to 
crack propagation of relevance to the DoD a large test 
development program has been undertaken to examine the 
effects of 
 










Environmental and Mechanical Interactions 
SCC and Fatigue 
combined on fracture 
surface 
Fatigue crack with 
corrosion debris on 
surface 
Fatigue fracture with 
intergranular corrosion 
Intergranular 
corrosion noted on 
the shelf edges 
when sample 
tilted; main surface 
only shows fatigue 
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∆K=6 MPa√m Chromate in Bulk Solution Effect on 






0.6 M NaCl 
0.6 M NaCl +0.03 M Na2CrO4 
0.6 M NaCl +0.5 M Na2CrO4 
3 Gasem, Z. and Gangloff, R.P., (2001) “Rate-Limiting Processes in Environmental Fatigue Crack Propagation in 7000-series Aluminum Alloys”, in 





Effect of Chromate in Full Immersion 
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Aircraft Atmospheric Corrosion 
Design Space 
 Want to know what the important ranges and variations 
are for ozone, RH and UV-light exposure 
 Looked at some aircraft flight data from CAStLE to 
determine the flight altitudes and RH variation 
– Flight data ranged from 0-8500m 





Relative Humidity Atmosphere 
 No real predictable distribution 
through atmosphere  
 20-80% is normal worldwide climate 
range (Sea Level-12000m) 
– Below 20% limited corrosion 
damage 
– Above 80% is considered a highly 
corrosive environment 
– Time of wetness of system dictated 
by salts present: for NaCl 
corrosion continues below 40% RH 
 
 












 Half-Life depends on 
RH, Temperature, 
metal presence, pH, 
and natural organic 
material 
Total Flight Range Low Alt Range 
High Alt 
Range 
Ozone 40-80ppb 40-60 ppb 50-80ppb 
NOAA 
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Aircraft Environmental Parameters 
Flight Ceiling  Relative Humidity Ozone UV 





40-60ppb UV-A, UV-B 
11,000m 100-10% 
 
40-70ppb UV-A, UV-B 
9,000m 100-10% 
 
40-50ppb UV-A, UV-B 
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 Cart contains systems for generating, 
monitoring, and controlling environment  
 
 Environmental variables include:  
 
 Relative Humidity 
 0-100%: ± 1% 
 Ozone 






Environmental control cart 
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Environmental Chamber 
 Environmental systems are modular 
 Adapt to any “chamber” (container for environment) 
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Specimen Design and Salt Application 
5.55 in 
1.5 in 
 Thin film for simulating atmospheric 
corrosion 400 μg/cm2  NaCl 
 Solution of NaCl in methanol or water then 
evaporated onto masked specimen 
 Desire even dispersion of NaCl on sample 
surface 
SEM image of sodium chloride on specimen 
showing even dispersion of particles using 
evaporative deposition method 
Five Coatings 
 Uninhibited Epoxy Primer 
 Epoxy Chromate 
 Solvent-borne Rare Earth 




Wetting and Drying Effects  Bare Sample 
(f=1 Hz) 
    ΔK=4MPa√m, R=0.1 
    ΔK=4MPa√m, R=0.65 
    ΔK=6MPa√m, R=0.1 





Wetting and Drying Effects Uninhibited 
Primer 
Lack of Wetting 
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Wetting and Drying Effects Epoxy 
Chromate Primer 
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Rare Earth Primer Solvent-Borne 
Slow FCGR High RH 
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Rare Earth Primer Water-Borne 
Slow FCGR High RH 
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Al-Rich Primer 









 ΔK=4 MPa√m, R=0.1, Wetting Time 56 9.5 20.2 9.3 2.6
 ΔK=4 MPa√m, R=0.1, Drying Time 23 5.6 22.1 18.1 20.3
 ΔK=4 MPa√m, R=0.65, Wetting Time 3 0.8 0.5 0.75 24.1
 ΔK=4 MPa√m, R=0.65, Drying Time 4 1.9 3.7 1 2.1
 ΔK=6 MPa√m, R=0.1, Wetting Time 3.5 0.8 0.4 8.8 0.25
 ΔK=6 MPa√m, R=0.1, Drying Time 3.5 2 1.5 0.6 1
 ΔK=6 MPa√m, R=0.65, Wetting Time 0.4 0.6 0.25 0.6 0.25
 ΔK=6 MPa√m, R=0.65, Drying Time 1 0.3 0.75 0.5 0.75
 Primers do not wet and dry in the same manner 
 Time to cause a change in the fatigue crack growth rate 
can be very long 
 Most primers take longer to dry than wet 
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 ΔK=4 MPa√m, R=0.1, 90%RH 2.19E-05 2.30E-05 6.62E-06 7.56E-06 8.34E-06
 ΔK=4 MPa√m, R=0.65, 90%RH 5.29E-05 1.70E-04 1.25E-04 3.62E-05 5.93E-05
 ΔK=6 MPa√m, R=0.1, 90%RH 6.37E-05 2.58E-04 1.14E-04 1.04E-04 1.20E-04
 ΔK=6 MPa√m, R=0.65, 90%RH 5.17E-04 1.60E-04 1.76E-04 9.04E-05 1.88E-04
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Fracture Surface Analysis 
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 Environmental variables include  
 
 Relative Humidity 
 80% 
 Ozone 
 30 ppm 
 Salt  
 400 µg/cm2 
 
 
Multiple Parameter Testing 
Environmental control cart 
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Sample Design and Test Set-up 
26 
Fatigue Crack Growth Rates 
27 
Complex Environment Testing 
∆K=4 MPa√m, R=0.1, f=1 Hz 
28 
Complex Environmental Testing 
∆K=4 MPa√m, R=0.1, f=1 Hz 
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EDS Analysis of Ozone/RH Fracture 
Surface 
30 
EDS Analysis Ozone, RH and UV-light 
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Environmental Testing Considerations 
 Outdoor sample exposures with EDM notches showed 
preferential corrosion on a SCC prone AA5083 
 There is a strong need for scientific understanding and 
quantitative assessment on the effect of EDM machining 
on the corrosion behavior of aluminum alloys 
 Any alteration in the microstructure on the surface and 
sub-surface of the EDM machined coupons will show a 
crack growth or corrosion rate that might not be 
representative. 
 Often EDM uses a brass wire which 
can be between 40 zinc-60% copper 
depending on the type of brass 
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Environmental Testing Considerations 
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Environmental Testing Considerations 
Alloy EDM  Saw Cu Tape 
AA7075-T651 7.77x10-5 4.48x10-5 5.91x10-5  
AA2024-T351 1.19x10-5 9.03x10-6 
34 
Environmental Testing Considerations 
Alloy EDM  Saw Cu Tape 
AA7075-T651 7.77x10-5 4.48x10-5 5.91x10-5  
AA2024-T351 1.19x10-5 9.03x10-6 
Saravanan R. Arunachalam, Sarah E. Galyon Dorman, Richard T. Buckley, 
N. Aidan Conrad, Scott A. Fawaz, “Effect of electrical discharge 
machining on corrosion and corrosion fatigue behavior of aluminum 
alloys” International Journal of Fatigue, June 2018, Vol 111, pp. 44-53 
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Observations & Conclusions 
 For the 7075-T651 sample used the variation in crack growth rate 
matched well with the change in RH 
 All inhibitive coatings showed times of reductions in fatigue crack 
growth rates during wetting and drying. 
 The rare earth primers showed the greatest consistent effect on 
crack growth rate 
 The presence of relative humidity and ozone with and without 
sodium chloride present appears to slow crack growth rates in a 
mid-∆K (5-8 MPa√m) region for an M(T) sample at 10 Hz.  The 
exact cause is theorized to be the formation of an oxide layer on 
the fracture surface   
 For a chromate primer coated sample the addition to UV-light to 
the 90% RH, 400μg/cm2 NaCl, 51 ppm ozone test reduced the 
crack growth rate which correlated with an increase in chromate 
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All coating application and leaching studies were completed by Luna 
Innovations. 
